An enzyme-linked immunosorbent assay (ELISA) using four recombinant antigens of Toxoplasma gondii (rP22, rP25, rP29, and rP35) was used in an attempt to differentiate pregnant women with toxoplasma serologic profiles (TSPs) indicative of recently acquired infections (acute profile) from those with TSPs indicative of infections acquired in the distant past (chronic profile). In general, immunoglobulin G antibodies in sera from women with the acute profile reacted more strongly with the recombinant antigens than did those in sera from women with the chronic profile. However, reactivities differed significantly between antigens that reacted with a single serum and between sera that reacted with a single antigen. Because of these variations, we employed a combination of the four antigens in an ELISA (Comb-ELISA) and evaluated its ability to distinguish pregnant women with the acute profile from those with the chronic profile. Eighteen of 20 (90%) sera from acute-profile women were positive in the Comb-ELISA, whereas 69 of 70 (98.6%) sera from the chronic-profile women were negative. Thus, the Comb-ELISA may be useful for diagnosis of toxoplasmosis in pregnant women and for differentiation between recently acquired infections and infections acquired in the more distant past.
Accurate diagnosis of recently acquired infection with Toxoplasma gondii is important for the proper clinical management of pregnant women, since the parasite can be transmitted from a recently infected mother to her fetus (18, 23, 28) . In the United States, the decision as to whether a woman was recently infected, thereby placing her fetus at risk, is often made from serologic test results obtained with a single sample of serum. Thus, it is critical to determine as accurately as possible whether the infection was acquired prior to or during gestation (21, 24) . A number of assays, based on chemically modified antigen preparations of T. gondii (5) , recombinant toxoplasma antigens (1, 3, 10, 12, 13, 16, 22, 25) , immunoglobulin classes of toxoplasma antibodies (7, 24, 27) , and the avidity of immunoglobulin G (IgG) antibodies for toxoplasma antigens (8, 18) , have been developed to attempt to diagnose recently acquired infections and to differentiate acute from chronic infections. The limitations of these tests and their frequent inability to accurately differentiate recently acquired infections from those acquired long before conception have been an impetus for further research to improve diagnosis of the infection in pregnant women.
In previous studies (19, 20) , a 35-kDa antigen was detected in immunoblots of T. gondii tachyzoites that were probed with serum from individuals soon after they became infected with the parasite. The results of these studies led us to postulate that the 35-kDa antigen might be useful for the detection of the acute stage of the infection. Recently, antibodies to the recombinant P35 antigen (rP35) were detected by rP35 enzyme-linked immunosorbent assay (rP35 ELISA) in sera of 85.3% of pregnant women with toxoplasma serologic profiles (TSPs) consistent with recently acquired infections with T. gondii but not in sera of pregnant women with TSPs consistent with infections acquired in the distant past (13) .
The objective of the present study was to examine three additional recombinant antigens of T. gondii, rP22, rP25, and rP29, to compare their ability to detect IgG antibodies with that of the rP35 antigen and to determine whether the rP35 ELISA that differentiates recent from past infections could be improved by using rP22, rP25, rP29, and rP35 in combination.
MATERIALS AND METHODS
Serum samples. Sera were provided by the Toxoplasma Serology Laboratory of the Research Institute, Palo Alto Medical Foundation, Palo Alto, Calif. Because the main objective of the study was to determine whether a recently acquired infection with T. gondii could be differentiated from an infection acquired in the distant past using a single serum sample from a pregnant woman, all sera used in the study were from pregnant women. The sera were divided into three groups: group I sera were from 26 women with TSPs consistent with recently acquired T. gondii infections (acute profile), group II sera were from 70 women with TSPs consistent with infections acquired in the distant past (chronic profile), and group III sera were from 20 women who were seronegative for T. gondii antibodies. The 20 women in group III were healthy pregnant women with no reported illness, and their ages were in the same range as those of the other groups. The serologic profile of each sample was based on the results of the following serologic tests performed in the Toxoplasma Serology Laboratory: Sabin-Feldman dye test (DT), IgM ELISA, IgA ELISA, and AC/HS test (14, 15, 28) . The results of these tests comprise the TSP (14) . Sera from women in group I had high DT titers, positive IgM and IgA ELISA results, and acute patterns in the AC/HS test. Sera from women in group II had low DT titers, negative IgM and IgA ELISA results, and chronic patterns in the AC/HS test. The classification of acute or chronic profile was based on the results of the TSP in combination with the individual's clinical history (14) .
Ten sera from each group were used to determine the reactivity of each serum with individual antigens and the optimal concentration of each antigen. Ten sera from each of the three groups were randomly chosen and coded, and then they were used in a blind study to determine the effectiveness of the ELISA with combined recombinant antigens (Comb-ELISA) to differentiate sera from the three groups. Thirteen of these 30 sera were used further in an experiment to determine the reproducibility of the Comb-ELISA.
Infections, including human immunodeficiency virus infection, other than with T. gondii were not reported for any of the women from whom the serum samples were obtained. Immunoblot analysis. T. gondii lysate antigen (TLA) was prepared from tachyzoites of the RH strain (9) . TLA, nonrecombinant maltose-binding protein (MBP), glutathione S-transferase (GST), and rP22, rP25, rP29, and rP35 were separated by electrophoresis in a sodium dodecyl sulfate-10% polyacrylamide gel and transferred to nitrocellulose membranes (12) , which were then incubated with the sera, as previously described (17, 21) . Thereafter, the immunoblots were incubated with horseradish peroxidase-conjugated goat anti-human IgG (Caltag Laboratories, Burlingame, Calif.) at an optimal dilution of 1:8,000 in phosphatebuffered saline (PBS) with 3% bovine serum albumin (BSA) at room temperature for 1 h. After being washed with PBS, the membranes were incubated with 3,3Ј-diaminobenzidine tetrahydrochloride (Sigma Chemicals) at a concentration of 0.1 mg/ml in PBS. Controls to determine the reactivity of the conjugate with recombinant antigens, nonrecombinant antigens, or TLA did not reveal any bands.
Three pools of serum samples from five individuals per group were used in immunoblots to determine the reactivities of the antibodies with each recombinant antigen and with the MBP and GST protein controls.
Recombinant antigens. Four recombinant antigens, corresponding to the P22 (21), P25 (11), P29 (6), and P35 (3) genes, were used in the present study. The DNA sequences of the P22 (accession number M33572), P25 (accession numbers M57302 and Y09782), P29 (accession numbers Y13863 and UU79158), and P35 (accession numbers A19564, AF150729, AA012298, and N60667) genes were obtained from the GenBank database. Portions of the open reading frames of these genes were amplified from the total cDNA of tachyzoites from the RH strain of T. gondii by PCR with gene-specific primers. A cDNA fragment of the P22 gene, corresponding with amino acids 27 to 172, was amplified using primers P22A (5Ј-GGGAATTCTCGTCCACCACCGAGACGCCAGC-3Ј) and P22B (5Ј-GGGAAGCTTACTTGCCCGTGAGAGACACAG-3Ј). A cDNA fragment of the P25 gene, corresponding with amino acids 16 to 231, was amplified using primers P25A (5Ј-GGGTCTAGATCTCGTGAGACCGTG-3Ј) and P25B (5Ј-G GGAAGCTTCTATGCGAGTTTCACCTC-3Ј). A cDNA fragment of the P29 gene, corresponding with amino acids 26 to 237, was amplified using primers P29A (5Ј-GGGAATTCGCGGCCACCGCGTCAG-3Ј) and P29B (5Ј-GGGTC TAGACTACTGGCGGGCATCCTC-3Ј). A cDNA fragment of the P35 gene, corresponding with amino acids 1 to 135, was amplified using primers P35A (5Ј-GGGAATTCATGAACGGTCCTTTGAGT-3Ј) and P35B (5Ј-GGGAAGC TTAGAATAGTAGTTTGCGGG-3Ј). The PCR products from the P22, P25, and P29 genes were cloned in frame with the MBP gene in the pMAL-C2 expression vector (New England Biolabs). The P35 gene PCR product was cloned in frame with the GST gene in the pGEX-5X-1 expression vector (Pharmacia).
Production and purification of recombinant proteins. For expression of recombinant pMAL-P22, -P25, or -P29 (rP22, rP25, rP29) or nonrecombinant MBP, Escherichia coli strain JM101 (Stratagene, La Jolla, Calif.), transformed with each plasmid, was grown in Luria Bertani (LB) medium supplemented with 50 g of ampicillin per ml and 0.2% glucose at 37°C overnight. Two-liter culture flasks containing 400 ml of LB medium supplemented with 50 g of ampicillin per ml and 0.2% glucose were inoculated with 10 ml of the overnight culture. The cultures were grown at 37°C with vigorous shaking until the optical density at 600 nm reached 0.5 to 0.8. Isopropyl-1-thio-␤-D-galactopyranoside (IPTG) was added to a final concentration of 0.5 mM, and growth was continued for 4 h at 37°C. The cells were centrifuged at 4,000 ϫ g for 20 min at 4°C. The pellets were resuspended in 50 ml of column buffer (20 mM Tris-HCl [pH 7.4], 1 mM EDTA, 200 mM NaCl). Samples were frozen at Ϫ20°C overnight. The cells were sonicated eight times in an ice-water bath in pulses of 15 s each). The sonicated sample was centrifuged at 9,000 ϫ g and 4°C for 30 min. The fusion proteins were purified from the supernatants (crude extracts) by affinity chromatography according to the manufacturer's instructions (New England Biolabs). Briefly, the crude extracts were diluted 1:5 with column buffer and applied to a 10-ml amylose resin column at a flow rate of 1 ml/min. After extensive washes with column buffer, fusion proteins were eluted with column buffer containing 10 mM maltose.
For expression of recombinant pGEX-5X-1-P35 (rP35) or GST protein, E. coli strain BL21 (Pharmacia Biotech, Piscataway, N.J.), transformed with the recombinant plasmids, was grown in LB medium supplemented with 50 g of ampicillin per ml at 37°C overnight. Two-liter culture flasks containing 400 ml of LB medium supplemented with 50 g of ampicillin per ml were inoculated with 5-ml samples of the overnight cultures. The cultures were grown at 30°C with vigorous shaking until the optical density at 600 nm reached 0.8 to 1.0. IPTG was added to a final concentration of 1.0 mM, and growth was continued for 4 h at 30°C. The cells were pelleted at 7,700 ϫ g and 4°C for 10 min. The pellets were resuspended in 20 ml of 1ϫ Tris-buffered saline (TBS)-1% Triton X-100. Samples were frozen at Ϫ20°C overnight. Resuspended cell pellets were sonicated as described above and centrifuged at 12,000 ϫ g for 10 min at 4°C. Recombinant proteins were purified from the supernatants (crude extracts) using a batch purification protocol (Pharmacia Biotech). Briefly, 50% glutathione-Sepharose 4B slurry was prepared according to the protocol. Two milliliters of slurry was added to crude extracts, and they were incubated with gentle agitation at room temperature for 30 min. The resins were pelleted at 500 ϫ g at room temperature for 5 min. Pellets were washed two times with 50 ml of 1ϫ TBS-1% Triton X-100 followed by two washes with 50 ml of 1ϫ TBS. Recombinant proteins were eluted with glutathione elution buffer (10 mM glutathione, 50 mM Tris-HCl [pH 8.0]).
ELISA with individual recombinant antigens for demonstration of IgG antibodies. The optimal concentration of the recombinant antigens for ELISA was determined using the checkerboard method (4). Three sera from each group were used. Different concentrations of each recombinant antigen in 0.1 ml of carbonate buffer were used to coat the wells of microtiter plates. The optimal concentrations, which provided the greatest difference between the absorbencies noted with sera from group I and from group II, were 3 g/ml for rP22, rP25, and rP29 and 5 g/ml for rP35. These concentrations, in a volume of 100 l of 0.05 M carbonate buffer, pH 9.6, were used to examine the antigens individually. Control wells were coated with 3 g of MBP per ml or with 5 g of GST per ml in 100 l of carbonate buffer. Coating was performed at 4°C overnight. Thereafter, plates were washed with PBS-Tween and postcoated with 200 l of 3% BSA per well in PBS at 37°C for 2 h. After washing, 100 l of serum diluted 1:50 in 3% BSA in PBS was applied to each well. Plates were incubated at 37°C for 1 h and then washed, and 100 l of horseradish peroxidase-conjugated goat anti-human IgG (Caltag Laboratories) diluted 1:8,000 was added to each well. After 1 h of incubation at 37°C, the plates were washed, 100 l of 0.03% O-phenylenediamine in H 2 O 2 was added to each well, and then the plates were incubated at room temperature for 10 min. The test was read using an automatic ELISA reader (Dynatech Laboratories, Chantilly, Va.). Each sample was run in duplicate. Results were determined for each serum by calculating the mean value of the absorbency readings for duplicate wells. The final results were reported after the MBP or GST control protein reading was subtracted from the sample reading for each of the recombinant antigens.
Comb-ELISA for detection of IgG antibodies. To evaluate the ability of the Comb-ELISA to distinguish recently infected women from women who acquired the infection in the distant past, the wells of the microtiter plates were coated with 100 l of carbonate buffer containing 3 g each of rP22, rP25, and rP29 per ml and 5 g of rP35 per ml. Control wells were coated with 100 l of carbonate buffer containing 9 g of MBP per ml plus 5 g of GST per ml. Thereafter, the plates were incubated with sera and conjugate as described above.
RESULTS

Reactivity of T. gondii IgG antibodies in immunoblots with recombinant antigens.
Three pools of sera, each consisting of five sera from group I, II, or III, were examined in immunoblots to determine the reactivities of IgG antibodies to TLA, recombinant antigens, and nonrecombinant control proteins. Whereas IgG antibodies in group I and group II sera reacted strongly with TLA, IgG antibodies in group III sera did not react with TLA or with any of the recombinant antigens (data not shown). Figure 1 shows that IgG antibodies in the five pooled group I sera reacted strongly with each of the recombinant antigens, whereas IgG antibodies in group II sera re- acted weakly with rP22 and rP29 and did not react with rP25 or rP35. IgG antibodies in each serum pool did not react with the MBP or GST control. Gel electrophoresis to determine the molecular weights of the recombinant antigens revealed that the positions of the bands corresponding to each recombinant antigen on the gel were consistent with the molecular weights calculated from the sizes of the gene fragments encoding each antigen (data not shown).
Reactivities of IgG antibodies to T. gondii in ELISA with individual recombinant antigens. Ten sera from each group were examined. None of the sera from group III had a positive reading with any of the recombinant antigens after the absorbency readings of the control proteins were subtracted (data not shown). All 10 sera from group I (Fig. 2) and 6 of 10 sera from group II (Fig. 3) had absorbency readings indicative of a positive result with each recombinant antigen. The degree of antibody reactivity within the same serum differed for each antigen. To differentiate group I from group II sera, a cutoff value for each recombinant antigen was established as the mean plus 2 standard deviations of the absorbency readings obtained with the 10 sera from group II. Using these cutoff values (Fig. 4) , two sera from group I (numbers 4 and 9) were negative with rP22, two (numbers 5 and 9) were negative with rP25 and rP29, and four (numbers 3, 5, 7, and 9) were negative with rP35. One serum from group II had readings slightly above the cutoff value with rP29 (number 10) and rP35 (number 5).
Reactivities of IgG antibodies to T. gondii in the Comb-ELISA. The 20 sera from groups I and II used in the ELISA with individual recombinant antigens were used in the experiments to evaluate the Comb-ELISA (Fig. 5) . The cutoff value was calculated as described above, using results obtained with sera from group II. Whereas none of the sera from this group had readings above the cutoff value, 9 of 10 sera from group I had readings above the cutoff value. It was interesting that sera 3, 4, 5, and 7 from group I, which were negative with one or FIG. 2. ELISA with individual rP22, rP25, rP29, and rP35 antigens in group I sera. Absorbency readings are those obtained after the reading from the nonrecombinant protein control for each antigen was subtracted from the readings for the recombinant antigen .   FIG. 3. ELISA with individual rP22, rP25, rP29 , and rP35 antigens in group II sera. Absorbency readings are as described in the legend for Fig. 2 .
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more antigens when tested with individual recombinant antigens (Fig. 4 ), were positive when tested in the Comb-ELISA. Only serum 9 remained negative. To better differentiate group I from group II sera, we examined 60 samples from the latter group in the Comb-ELISA. The results for these sera, combined with the results for the 10 sera from the same group as described above, were used to establish a cutoff value that was more representative of the reactivities of sera from group II (chronic profile) in the Comb-ELISA. The cutoff value was 0.065 and represented the reactivities of 70 sera from group II in the Comb-ELISA. Only 2 (2.8%) of the 70 group II sera had absorbency readings above the cutoff value (data not shown). In contrast, 18 of 20 (90%) sera from group I (acute profile) had readings above the established cutoff value (Fig. 6) .
In a previous study employing ELISA with a single recombinant antigen (rP35) (13) , it was found that IgG antibodies to rP35 were not detected in six sera with TSPs consistent with the acute profile. When the same sera were examined in the Comb-ELISA, two of the six sera gave readings suggestive of the acute profile (Fig. 7) .
In the blind study (Fig. 8) , 100% of sera from women who were not infected had absorbency readings far below the cutoff value (Fig. 8 , group III sera). Of 10 sera with TSPs compatible with past infection, one had an absorbency reading minimally above the cutoff value, and the remaining 9 had absorbency readings well below the cutoff value (Fig. 8 , group II sera). Of 10 sera with TSPs compatible with recent infection, 2 had absorbency readings below the cutoff value, and the remaining 8 had readings well above the cutoff value (Fig. 8, group I sera) .
Statistical analysis (by analysis of variance) of the results of the reproducibility experiment revealed no significant variation among either the means (P ϭ 0.77) or the standard deviations (P ϭ 0.48).
DISCUSSION
Because T. gondii can be transmitted from a recently infected mother to her fetus, a rapid and accurate diagnosis of the infection is critical for establishing proper clinical care. Frequently, only a single sample of serum is available for determination of whether the infection was acquired recently or in the distant past. In the present study, we compared the reactivities of IgG antibodies to four recombinant antigens of T. gondii in sera from pregnant women with acute and chronic TSPs. IgG antibodies in sera from women with acute TSPs reacted to the four recombinant antigens more strongly than did antibodies in sera from those with chronic TSPs. Immunoblots also revealed remarkable differences in the reactivities of IgG antibodies from these two groups of women with the individual recombinant antigens.
Significant variations in the reactivities of IgG antibodies were noted when sera from the pregnant women were tested in an ELISA with individual recombinant antigens. When the reactivities of IgG antibodies from each serum were analyzed, the differences were more evident. For example, one serum reacted with rP25, rP29, and rP35, but not with rP22; another reacted only with rP22. These variations indicate the difficulty in developing a serologic test using only a single recombinant antigen.
Because of the problems encountered when a single recombinant antigen was used to distinguish women with acute TSPs from those with chronic TSPs during gestation, we attempted to differentiate these two groups of individuals using the Comb-ELISA. The Comb-ELISA proved effective in differentiating acute from chronic TSPs; the sensitivity and specificity were 90 and 97%, respectively.
It was interesting that five sera with acute TSPs were negative when tested with the individual recombinant antigens. However, four of these sera were positive when tested using the Comb-ELISA. Moreover, in a previous study in which rP35 ELISA was employed (13), six sera from pregnant women with TSPs indicative of recent infection were negative. When these six sera were tested in the Comb-ELISA, two were positive for recently acquired infection.
By combining several recombinant antigens that present multiple different epitopes, the probability of detecting T. gondii antibodies during different stages of the infection will likely be increased (2, 10, 12) .
A number of reports (17, 22, 25) have described the successful use of recombinant antigens for detection of antibodies to T. gondii. In some of them (12, 25) , the antigens were used to attempt to distinguish between acute and chronic infections. However, it is difficult to compare the results of these studies because the criteria for acute and chronic infections vary (14, 26) , this criterion alone cannot be used to distinguish acute from chronic infections (23) . In the United States, only a single serum sample is usually available with which to determine if the infection was acquired during pregnancy. This problem was the impetus for our studies on such sera to attempt to differentiate recent from past infections with T. gondii. Our results suggest that combinations of recombinant antigens will be useful for serologic diagnosis of toxoplasmosis in pregnant women and for differentiation between a recently acquired infection and one acquired in the distant past.
